Scanning probe microscopies rely on a coarse piezoelectric motor that approaches the measuring probe towards the studied sample in milimeter-range distances. These motors typically work in a slip-stick mode by exciting the piezos with sawtooth signals of hundreds of V and up to some kHz. In this paper we introduce a single-polarity high-voltage amplifier based on discrete MOSFETtechnology components easy to purchase worldwide. The amplifier has an output signal up to 600 V, 100 mA output current, and a noise level below 2 µV/ √ Hz. When loaded with the typical impedances of piezoelectric motors it has a high-voltage bandwidth of 4 kHz. In the low-input ranges, for Vout = 100 V the amplifier presents a slew-rate of 2 V/µs, and rise and fall times of 80 µs. The circuit was successfully used to drive the coarse piezoelectric motor of a home-made scanning tunnelling microscope.
I. INTRODUCTION
Tailoring the physical properties of nano-scale devices based on novel materials interesting for applications requires access to local electronic and magnetic properties at different temperatures. This problem can be investigated in research laboratories by means of scanning probe microscopies such as tunnelling [1] , atomic [2] and magnetic force [3] , and near-field [4] . These techniques allow the characterization of the physical properties of metals, semiconductors and superconductors with atomic resolution and in an extended range of temperatures. Nowadays, most of scanning probe microscopes base their scan method in coarse and fine piezoelectric motors. The performance and reliability of the coarse positioning system is particularly critical when cooling the microscopes down to low temperatures.
Typical solutions for the problem of approaching the microscope sensor to the sample down to millimeter distances are inchworm [5] and slip-stick [6] [7] [8] piezoelectric motors. During the last years, the latter ones have been most widely used. They profit from the reverse piezoelectric effect, namely the contraction or expansion of a material resulting from the application of an electric field. Slip-stick motors are based on piezoelectric legs that are put in contact with the mobile sensor-holder and driven by asymmetric signals, typically sawtooth [6] or cycloid-like [9] . During the slow part of the driving signal the sensor-holder remains stuck to the piezoelectric legs since the applied force does not exceed the static friction. During the fast part, this friction is overcome and the sensor-holder slides in a motion governed by the dynamic-friction coefficient. A net displacement of the sensor-holder towards the sample in millimeters range can be achieved by suitably choosing the asymmetry, amplitude and frequency of the driving signal.
A reliable actuation of such motors requires low-noise and high-voltage amplifiers, with output signal amplitudes in the range of 200-600 V. In order to properly follow the driving signal these amplifiers must have a broad bandwidth which is related to having high slew-rate and short rise and fall times. In addition, providing a high output current is crucial since slip-stick piezoelectric motors present a merely capacitive impedance, provided they are driven at frequencies off-resonance. Typical impedances for the equivalent circuit are in the range of 10-40 nF providing the piezoelectric legs can be made by stacking several piezoelectric crystals in order to enhance the strain-to-driving voltage ratio [10] . Therefore, in order to produce one step with the motor, the driving electronics has to charge and discharge this capacitance with hundreds of Volts in microsecond times. The high-voltage amplifier required for this application has to posses two basic properties that are not trivial to meet at the same time, high output currents and high slew-rate.
Many commercial electronics to drive piezoelectric motors are available in the market though most of them are quite expensive [11, 12] . In this paper we introduce an inexpensive single-polarity high-voltage amplifier for the discussed application. As shown in Sec. II, the amplifier circuit is based in discrete MOSFET-technology components that are easily purchased in most local markets. Section III presents experimental data on the main figures of merits of the amplifier when loaded with a 30 nF capacitor: 4 kHz bandwidth, 100 mA output current, 2 V/µs slew-rate, 80 µs rise and fall times for an output signal of 100 V, and a noise level below 2 µV/ √ Hz. Finally, Sec. IV provides a brief comparison with other high-voltage amplifiers proposed for driving piezoelectric devices and focus on the advantages of the one introduced here in order to drive slip-stick motors. 
II. HIGH-VOLTAGE AMPLIFIER CIRCUIT
High-voltage amplifiers face important limitations when applied to drive piezoelectric motors. Notably, the loaddependent bandwidth of an amplifier is significantly reduced when driving a highly-capacitive circuit as that of piezoelectric stacks. This type of load, in combination with the amplifier finite output impedance, also produces phase-lag in the amplifier feedback path. In addition, at high-frequencies the current limit required for this load entails impractically high power-dissipation. For a more detailed discussion on this issue we refer the reader to Ref. 13 . These reasons make difficult to develop a high-voltage amplifier for typical piezoelectric-motor loads with bandwidths exceeding 10 kHz.
Having this in mind, we focused our efforts in developing a discrete amplifier circuit with some kHz bandwidth but improved output current, slew-rate, and rise and fall times. The amplifier presented here is based in MOSFETtechnology components and has therefore a much lower cost than those based in integrated high-voltage operational amplifiers [20] . One important characteristic of our amplifier is its single-polarity that allows to avoid the undesirable reversal of polarization that can occur when applying significant negative voltages.
The amplifier has a gain of 100 and a maximum output voltage of 600 V. The main technical data of the circuit are shown in Table I . Figure 1 shows a detailed diagram of the amplifier circuit that basically consists in three stages. In the first one, a TL081 operational amplifier with relatively high input impedance linearizes the circuit. The second stage consists on a high-voltage n-MOSFET transistor (Q3 in Fig. 1 ) and its associated components. This configuration works as a common source, provides high-voltage gain, and drives the gate of the transistor of the following stage. This third stage has the same n-MOSFET transistor (Q1 in Fig. 1 ) that works both, as a common drain when the input signal increases, and as a push-pull circuit when it decreases. This performance is due to the presence of the diode D2 connected between the gate and the source of Q1. The remaining components of the circuit provide the feedback path (R15, R17, R18, R19, R20, and R21), protection (D6, D5, D3, D4, and Q2), and compensation (R10, R11, C10, C11, and C5). The feedback path resistances limit the gain of the amplifier at low frequencies. The circuit includes an auxiliary low-voltage output in order to monitor the high-voltage output.
Since special attention was put on providing a high output current, Q1 was protected from overheating by Q2, R4 and R5. When operating at frequencies and voltages larger than 1 kHz and 100 V, significant heating of Q1 and Q3 can occur. They were therefore attached to heat-sinks with thermal resistance of less than 10 K/W. In addition, special care was put on designing a printed-circuit-board that minimizes the picked-up noise from the metallic-cage covered power supply. The low and high-tension paths were drawn further apart, though trying to minimize their length, and a central ground was used.
The appearance of instabilities when using amplifier circuits to drive highly-capacitive loads is quite common, mainly due to the reaction of the load to the output impedance of the circuit. We have therefore compensated the gain of the Texas Instruments TL081 with C5, added C10 and C11 to the feedback path, and included the output resistances R10 and R11. By properly choosing the values of these five components (see Fig. 1 ) we have obtained an amplifier that is stable for loads of up to 30 nF, a typical load value for piezoelectric motors. However, this gain in stability entails a reduction on bandwidth and slew-rate. 
III. FIGURES OF MERIT OF THE AMPLIFIER
The linearity and stability of the amplifier was tested with resistive and capacitive impedances but the performance discussed in what follows was measured using a 30 nF load mimicking that of a piezoelectric motor. Figure 2 presents data on the gain and phase-shift of the amplifier for input signals V in = 1 and 5 V. The -3 dB criterium for bandwidth is reached at 6 kHz for the low-input signal and decreases to 3 kHz for the higher input. Nevertheless, Fig. 2 indicates that this amplifier is suitable to drive piezoelectric motors up to 600 V in the 4 kHz range. In the case of V in = 1 V the phase-shift of the amplifier decreases faster than the gain, being much smaller than -45 degrees at the -3 dB criterium for the gain. For high input signals the phase is roughly -45 degrees at the -3 dB criterium as shown for the V in = 5 V case of Fig. 2 . Figure 3 shows the response of the amplifier to a square pulse of 500 µs with input signals amplitude ranging from 1 to 6 V. On increasing V in within this range the rise time enhances between (80 ± 3) to (213 ± 3) µs; on the contrary, the fall time does not evolve too much varying between (80 ± 3) and (77 ± 3) µs. The settling time increases between (190 ± 2) and (500 ± 2) µs for V in between 1 and 5 V. For the larger input signal of 6 V the settling time is larger than 500 µs. Overshooting decreases on increasing the V in amplitude from 50 to 8 % between 1 and 5 V. The slew-rate changes between 2.1 and 2.3 V/µs on increasing the input signal. This slew-rate for a piezoelectric load of 30 nF is given by the 100 mA output current limit of the amplifier circuit plus the limiting resistances R10 and R11.
The finite slew-rate of the amplifier has an important effect on the performance of the system to follow the sawtooth signals typically used to drive piezoelectric motors. Figures 4 (a) to (d) show the output signal for pure sawtooth input waveforms with the same high-input peak voltage of 6 V in the range of 2 to 5 kHz. Up to 4 kHz the amplifier reasonably follows the input signal with falling times between 40 and 70 µs and a maximum signal decrease of up to 40 % with respect to the theoretical value (100 times the input). For the 5 kHz waveform the output signal is attenuated roughly 60 % and the amplifier starts to worsen its performance for larger frequencies. This is due to the finite bandwidth of the amplifier that produces an appreciable gain reduction (see Fig. 2 ). In addition, the amplifier slew-rate affects the output signal producing a larger deviation from the theoretical value for the minimum rather than for the maximum input signals. Figures 4 (e) and (f) show the performance of the amplifier to follow sawtooth signals with increasing and decreasing slopes of 90 and 10 %, respectively, and input signals with the same frequency of 4 kHz, and peak voltages of 4 and 5 V. This figure shows that the amplifier presented here can be reliably used to drive piezoelectric motors with sawtooth signals of up to 4 kHz and high-voltages between 400 and 600 V. Figure 5 (a) shows the typical output drift over a 400 ms time-window. In the absence of input signal the mean peak-to-peak drift is below 10 µV. The amplitude of the drift signal increases roughly two orders of magnitude for V in = 1 V. The output noise level in a large frequency range up to 100 kHz is below 2 µV/ √ Hz, see Fig. 5 (b) . The spectrum presents two appreciable peaks at 75 and 250 Hz, well below the typical operation frequencies. The 1/f noise dominates the frequency range above 700 Hz and no significant features appear in the 1 to 5 kHz range in which the amplifier is meant to be applied.
Finally, we stress that this amplifier was successfully applied to drive a coarse-approach piezoelectric motor of a home-built scanning tunnelling microscope head of the Pan-design type [10] . The amplifier was used to reliably drive this motor with sawtooth signals up to 600 V and 5 kHz.
IV. ADVANTAGES OF OUR HIGH-VOLTAGE AMPLIFIER TO DRIVE SLIP-STICK MOTORS
Several works on high-voltage amplifiers applied to drive piezoelectric motors are available in the literature. In what follows we survey these works in order to highlight the advantages of our design to particularly, though not exclusively, drive coarse-approach piezoelectric motors. We start by considering a previously reported bi-polar dc-coupled low-cost high-voltage amplifier based on discrete MOSFET components with a topology similar to that of our amplifier [14] . Since low-voltage components are used, this amplifier provides ± 200 V. It is useful up to 100 kHz, and maximum current and slew-rate of 340 mA and 300 V/µs are claimed. However, it is worth mentioning that these performances were obtained with a resistive load and no quantitative information on the reduction of the same magnitudes when loading it with some nF capacitors is provided.
Another bipolar amplifier with similar configuration to our design was previously proposed [15] providing ± 800 V but no much data on its figures of merit is provided besides a claim on a 100 kHz bandwidth for 2 nF loads. Data on the response of the amplifier to a 330 Hz sawtooth signal for this load allow us to estimate a relatively large fall-time of 500 µs for 300 V output. Additionally, one main drawback of this amplifier is that presents an important overshoot.
Three other works [16] [17] [18] propose amplifier circuits based on discrete MOSFET technology providing maximum voltages between ± 500 V but all of them are bipolar. As mentioned, single-polarity amplifiers are best suited to drive coarse approach piezoelectric motors. In addition, the amplifiers presented in these three works are not particularly suited to drive piezoelectric motors with loads in the 10 to 30 nF range since they provide output currents of 1.9, 10 and 20 mA as reported in Refs. [16] [17] [18] . Another proposal of a MOSFET-technology-based amplifier solves this problem by presenting a dual amplifier with improved 1.9 A output current [13] . However this circuit provides an output of only ± 30 V since it is meant for megahertz piezoelectric actuators with typical loads of hundreds of F.
Two other different approaches for this application are worth mentioning. The first of them presents five bipolar high-voltage amplifiers using the more discrete configuration provided by bipolar transistors [19] . Two of them provide ± 550 V with high output currents (80 and 800 mA) and MHz bandwidth but these performances are achieved for capacitive loads between two or three orders of magnitude smaller than tens of nF. The second approach is based on the opposite concept of a lower level of discreteness by using commercial high-voltage amplifiers from Apex Microtechnology [20] . This work introduces an auxiliary-capacitor technique in order to speed up the charge and discharge of the piezoelectric motor and consequently improve its performance.
The high-voltage amplifier introduced here has several comparative advantages with the discussed previous circuits to drive coarse-approach piezoelectric motors with loads in the nF range, particularly in terms of its single-polarity, maximum output of 600 V, 100 mA output current, and state-of-the-art noise level. In addition, the amplifier is based in MOSFET technology components available in any local market. Therefore this design is an easy-accessible solution to the problem of providing sufficiently high transient currents and output voltages to drive piezoelectric coarse-approach motors for scanning probe microscopes. 
